INTRODUCTION
Great progress has been made in infertility treatment; however, these treatments are not effective in completely infertile patients. Insufficient sexual gamete formation associated with several disorders of sex development, including Turner syndrome, is typical of complete infertility. Patients with congenital absence or acquired loss of the primordial follicle cannot obtain offspring through general infertility treatments such as induction of ovulation or in vitro fertilization; such patients require ex vivo oocyte generation [1, 2] .
Primordial germ cells (PGCs) are germ cell progenitors that develop into gametes in developing fetuses, giving rise to definitive oocytes and spermatozoa that contribute to new life in the next generation. PGCs mature into gametes via three developmental stages. First, Blimp1 and Prdm14 expression, followed by dynamic genetic and epigenetic changes, promotes early PGC specification as germ cells [3] . In the migratory stage, propagation of PGCs begins in the hindgut and mesentery [4] . The most profound change occurs during meiosis within the genital ridge. In this stage, haploid chromosomes are generated and genomic imprinting is erased, ensuring parent allele-specific functional differences in a subset of genes. This series of developmental processes in PGCs in the genital ridge requires an appropriate microenvironment, including the gonadal cells and extracellular matrix [5] .
Although some reports have demonstrated methods for oogenesis from pluripotent stem cells [6] , successful oogenesis performed entirely in vitro has not been reported. Another report showed that although oocyte-like cells (OLCs) can be generated from PGCs by in vitro differentiation, the second meiotic division did not occur; however, normal development was observed by nuclear transplantation of these cells to normal oocytes, indicating that in vitro culture conditions were not appropriate for meiotic division and that the in vivo environment is necessary for meiosis [7] . In fact, Hashimoto et al. [8] reported that transplantation of aggregated whole gonadal cells into ovaries promotes the redevelopment of PGCs, from which functional oocytes could be obtained (orthotropic transplantation). Matoba and Ogura [9] reported that transplantation of aggregated whole gonadal cells into the kidney capsule also promotes redevelopment of PGCs (ectopic transplantation). Hayashi et al. [10] developed a method for generating PGCs from pluripotent stem cells in vitro and offspring were born by orthotropic transplantation of these PGCs.
To apply these techniques to human therapy, xenogenic PGC transplantation is essential to initiate meiosis. However, it is not clear whether germ cells can develop in xenogenic animals. In this study, we examined xenogenic ectopic transplantation of PGC and PGC-free gonadal cells aggregates to generate functional oocytes.
MATERIALS AND METHODS

Animals
All the mice and rats were maintained under specific pathogen-free conditions at the animal center of the University of Tokyo. They were housed under controlled lighting conditions (12L:12D starting at 0800 h). All the animal experiments were conducted in accordance with the guidelines of the University of Tokyo.
Collection of Rat and Mouse Genital Ridges
Embryonic Day 14.5 (E14.5) rat genital ridges were isolated from homozygous or heterozygous embryo of CAG/VENUS transgenic rats (CAG/ Venus; RGD ID: 8552368) [11] and of ROSA26-tdTomato knock-in rats (RT2; RGD ID: 8552371) [12] . Mouse genital ridges were isolated from E12.5 embryo of F1 hybrids of female ICR (Japan SLC) and homozygous male C57BL/6-Tg (CAG-EGFP) mice (Japan SLC) (IGF1).
Transplantation of PGCs Reaggregated with PGC-Free Gonadal Cells under the Kidney Capsule
Gonadal cell reaggregation and transplantation were performed according to the protocol described by Shen et al. [13] and Matoba and Ogura [9] with minor modifications. Genital ridges were dissociated from mesonephros of embryos with tungsten needles. Six to eight morphologically selected female genital ridges were dispersed in 100 ll solution of 0.25% trypsin (Thermo Fisher Scientific Inc.) and 0.2% collagenase IV (Wako Pure Chemical Industries) at 378C for 15 min, followed by inactivation of enzymes by addition of 900 ll of M199 culture medium (Sigma-Aldrich Co.) containing 10% fetal bovine serum (Thermo Fisher Scientific Inc.) and 1% antibiotics (penicillin-streptomycin; Thermo Fisher Scientific Inc.) and pipetting 5-10 times. Then the cells were resuspended in 100 ll of culture medium with 35 lg/ ml phytohemagglutinin-P (Sigma-Aldrich Co.) and incubated at 378C for 10 min. Grafts were prepared by centrifugation twice at 300 3 g for 4 min and incubated on Isopore 3.0 lm membrane filters (Millipore) in culture medium for 12-18 h at 378C. Grafts were then transplanted under the kidney capsule of bilaterally salpingo-oophorectomized recipient female immunodeficient animals under anesthesia.
The strain of recipient immune deficient mice were NOD (NOD/SCID), NOG (NOD.Cg-Prkdcscid Il2rgtm1Sug/Jic; Central Institute for Experimental Animals, Kawasaki, Japan), KSN (Japan SLC), and recipient immune deficient rats were X-SCID rat (Wistar IL2RgKO) (Hamanaka et al., unpublished results). The number of transplants for single mouse kidney was one or two and one to four for rat kidney.
In Vitro Maturation of Mouse Germinal Vesicle Oocytes Derived from Transplanted PGCs and Intracytoplasmic Sperm Injection
Mouse ovary-like tissues were picked up from rat recipient kidneys 28 days (61 day) after transplantation. Ovary-like tissues containing several follicles were punctured with a fine needle to release the germinal vesicle (GV) oocytes, followed by in vitro maturation (IVM) for 16 h as described previously [14] . Matured metaphase II (MII)-stage oocytes were subjected to intracytoplasmic sperm injection (ICSI).
ICSI was performed using freeze-thawed sperm of ICR strain. Frozen sperm suspended in Tris-ethylenediaminetetraacetic acid (pH 8.0) were thawed in a water bath at room temperature and were stored at 48C. The detailed protocol for ICSI was described previously [9] .
Embryo Transfer and Delivery of Offspring
The method of embryo transfer and delivery of offspring were described elsewhere [15] . In brief, microinseminated oocytes were cultured 24 h in KSOM (Millipore) at 378C under 5% CO 2 in air. Cleavage rate was assessed at 24 h after completing the microinsemination. Then embryo transfer to the pseudopregnant ICR mice was performed on the day that the vaginal plug was detected (defined as 0.5 dpc). Implantation sites were examined at weaning or caesarian section. The presence of EGFP DNA in the offspring was examined by fluorescence under 480 nm ultraviolet light.
Histological Analyses
Some of the ovary-like tissues were removed on 28 days after transplantation and fixed in 10% formaldehyde overnight. The fixed tissues were embedded in paraffin and sectioned (3 lm) followed by hematoxylineosin staining.
For immunohistochemistry, grafts removed on 28 days after transplantation were routinely fixed 5-6 h in 4% paraformaldehyde in PBS and 30% sucrose solution. Fixed grafts were routinely embedded in optimal cutting temperature compound (Sakura Finetek). Embedded samples were frozen sectioned (5 lm). Sections were then blocked for 30 min at room temperature in blocking reagent (MAX block; Active Motif).
Primary antibody incubations were carried out overnight at 48C as follows: rabbit anti-MVH antibody (1:100, ab13840; Abcam plc) and rabbit anti-Stella antibody (1:100, ab19878; Abcam). The immunoreactions of each primary antibody were visualized using fluorescent-labeled secondary antibodies (Alexa Fluor 568 goat anti-rabbit immunoglobulin G (HeavyþLight) antibody).
RT-PCR of Rat GV-Stage OLC
Complementary DNA from rat GV-stage OLCs was extracted with a CellAmp whole transcriptome amplification kit (TaKaRa BIO). RT-PCR was performed with rTaq (TaKaRa BIO) according to the manufacturer's instructions. The specific primers were described in Supplemental Table S1 (Supplemental Data are available online at www.biolreprod.org). The cycling conditions were as follows: 15 sec at 958C, 15 sec at 608C, and 30 sec at 728C (35 cycles).
RESULTS
Generation of Rat Ovary-like Tissues in Immunodeficient Mice
In order to generate rat ovary-like tissue in immunodeficient mice, we first identified the appropriate recipient strain and transplantation locus (Fig. 1A) . Whole genital ridges or reaggregates of enzymatically dispersed genital ridges were transplanted under the kidney capsule of NOD-SCID or NOG mice. For transplantation, we used genital ridges from female fetal rats at E14.5; this included premeiotic PGCs as described previously [16] . The genital ridge of an E14.5 fetal female rat contains 2.9 3 10 4 6 0.39 3 10 4 cells and 1.8 3 10 3 6 0.32 3 10 3 PGCs. We observed the formation of ovary-like tissue in both mouse strains at 28 days posttransplantation. However, the rate of engraftment in NOG mice (84%, 37/44) was higher than in NOD-SCID mice (71%, 5/7) (Table 1) , and histological analysis showed the ovary-like tissue in the NOD-SCID mice contained a larger proportion of the stromal cell region and lesser ovary tissue than the ovary-like tissues of NOG mice (data not shown). For these reasons, we chose the NOG mouse as the recipient for establishment of ovary-like tissue.
Next, we compared the findings for ectopic (kidney capsule of oophorectomized mouse) transplantation (Fig. 1, B and C) and orthotopic (ovary bursa) transplantation (Fig. 1, D and E) with respect to ovary-like tissue formation. The engraftment rate of transplantation under the kidney capsule was 84% (37/ 44), higher than the rate of intraovarian transplantation (42%, 3/7). The size of the ovary-like tissue generated by intraovarian transplantation was about 1/4 the diameter of the tissue generated by transplantation under the kidney capsule (Table  1) . Fully developed GV oocytes (65-75 lm diameter with cumulus cells) were collected from the ovary-like tissue under the kidney capsule; however, although ovarian follicles were observed in the ovary-like tissue in the ovary bursa, we could not collect them. Thus, we identified the appropriate conditions for generating xenogenic ovary-like tissue in which normal oogenesis takes place as transplantation of E14.5 rat PGCs under the kidney capsule of NOG mice.
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Analysis of Rat Ovary-like Tissue Generated under the Mouse Kidney Capsule
To examine the function of rat ovary-like tissue generated under the kidney capsule of NOG mice ( Fig. 2A) , we performed morphological and functional analysis. Histological analysis of the ovary-like tissues revealed oocytes in various developmental phases, including GV oocytes, and a developed follicular antrum (Fig. 2, B-E) . Immunohistochemical analysis revealed VASA and STELLA double-positive cells in the ovary-like tissues (Fig. 2, F and G) . We also found that OLCs in the collected cumulus oocyte complexes (COCs) contained GVs. Therefore, we named these cells GV-OLCs (Fig. 3, A-D) .
We next measured the expression of genes involved in oocyte maturation (Ybx2, Lhx8, Zp1, Zp2, Zp3, Nobox, Vasa, Scp3, Dppa3, Gdf9) in GV-OLCs derived from Wistar rat PGCs and GV oocytes from the ovaries of Wistar rats. In both strains, expression of oocyte maturation-related genes was similar, with the exception of Scp3 (Fig. 3E) .
To examine the function of GV-OLC, we performed IVM of COCs as described previously [9] . The percentage of MII phase-matured oocytes was about 5%, and was thus less efficient in comparison to mouse oocytes (80% to 90% MII Table S2 ). We conclude that the maturation ability of rat GV-OLCs could not be evaluated by the previously established IVM protocol. Although we could not complete a functional assay of rat GV-OLCs, we found that they are histologically and genotypically similar to GV oocytes.
Analysis of Mouse Ovary-like Tissue Generated under the Kidney Capsule of X-SCID Rats
Next, we tried to generate mouse ovary-like tissues in X-SCID (IL2RgKO) rats by ectopic transplantation of mouse PGCs. We isolated the genital ridge from F1 hybrids of female ICR and homozygous male C57BL/6-Tg (CAG-EGFP) mice (IGF1) and transplanted reaggregates of enzymatically dispersed mouse PGCs and PGC-free gonadal cells under the kidney capsule of the X-SCID rats (Fig. 4A) . Ovary-like tissue was observed in 26/28 (92%) recipient rats 28 days after transplantation (Fig. 4, B and C) . Hematoxylin-eosin staining revealed that these tissues include many antral follicles, various developmental stages of developing follicles, and several polyovular follicles (Fig. 4, D and E) . The oocyte markers VASA and STELLA were expressed in OLCs developed in these tissues (Fig. 4, F and G) , indicating that aggregates of mouse PGCs and PGC-free gonadal cells can form histologically normal ovary-like tissues, which include OLCs, by xenogenic transplantation.
Functional Analysis of Mouse GV-OLC in Ovary-like Tissues under the Kidney Capsule of X-SCID Rats
To analyze the maturation capacity of mouse GV-OLCs isolated from mouse ovary-like tissue generated under the rat kidney capsule, we performed IVM. GV-OLCs collected from ovary-like tissues formed COCs in which many cumulus cells were tightly accumulated (Fig. 5, A and B) , and almost half of COCs seemed to be swollen (Fig. 5, C and D) , comparable to the maturation capacity of GV oocytes from the ovaries of wild-type ICR mice (69%, 258/376) ( Table 2 ). To investigate the fertility of these GV-OLCs, we performed in vitro fertilization (IVF) with sperm removed from the cauda epididymis and found that only 14% of the embryos matured to the two-cell stage (Table 2 and Supplemental Fig. S1B ). Although we transferred these two-cell stage embryos into the HAYAMA ET AL.
oviduct of pseudopregnant mice, none implanted successfully. Moreover, pronuclear formation was rarely observed in MIIOLCs after IVF (Supplemental Fig. S1A ).
To overcome this limitation, the matured MII-OLCs were subjected to ICSI. As shown in Table 3 , 76% of the injected MII-OLCs survived, 56% of them formed two pronuclei and one polar body (Fig. 5E) , and 63% developed to the two-cell stage (Fig. 5F ). After transfer of 117 one-cell and two-cell embryos into pseudopregnant mice, 16% (19/117) underwent implantation and eight pups (five males and three females) were obtained at term (7% per ET) (Fig. 5, G and H, and Table  3 ).
All the pups grew to adulthood and exhibited two kinds of coat color (four agouti and four albino), as expected from IGF1 (A/a, B/B, C/c) 3 ICR (A/A, B/B, c/c) mating (Fig. 5I) . Over half of the pups showed EGFP expression derived from the 
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C57BL/6-Tg (CAG-EGFP) mouse (Fig. 5H) . These pups grew normally without sudden unexpected death or tumor formation over 12 wk (Fig. 5I ) and had normal fertility (Supplemental Fig. S2, A and B, and Supplemental Table S3 ). These results indicate that mouse PGCs developed into histologically and functionally normal OLCs after xenogenic ectopic transplantation in the presence of PGC-free gonadal cells and an appropriate microenvironment.
DISCUSSION
To our knowledge, this study is the first to show that xenogenic female premeiotic PGCs can be transplanted with 
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PGC-free gonadal cells under the kidney capsule of recipient animals to form ovary-like tissue and functional oocytes. Thus, normal oogenesis occurs through meiosis as long as PGCs are present with gonadal cells, a microenvironment that includes peripheral blood circulation [17] and other physiological factors that are lacking under in vitro conditions [18] .
Diploid oocytes with a completely differentiated nucleus can be generated in vitro by culture with PGC-free gonadal cells [7] . Further investigation of the mechanisms of in vivo development of PGCs may allow us to generate a new in vitro culture system that supports long-term germ cell development.
The engraftment rate of xenogenic ectopic transplants was higher than it was in orthotopic transplants. Moreover, the size of the ovary-like tissue generated by ectopic transplantation was larger. These results may be due to differences in the hormonal state of the recipient. The oophorectomy accompanied by ectopic transplantation may induce the hypothalamicpituitary-gonadal axis to mimic the prepubertal hormonal state [9] . On the other hand, orthotopic transplantation did not induce an appropriate hormonal state for efficient engraftment and growth of ovary-like tissue because of the partial removal of the ovary. This suggests that low estrogen stimulates the hypothalamic-pituitary-gonadal feedback system and helps mimic the immature gonad pubarche state [19] ; thus, it is necessary to consider the precise conditions under which the ovary is removed in order to achieve the appropriate hormonal state upon orthotopic transplantation. Therefore, kidney capsule transplantation might be a powerful alternative method to the orthotopic transplantation described by Hayashi et al. [10] .
The mouse and rat OLCs in the ovary-like tissues were fully developed around 28 days after transplantation and almost all the oocytes developed to the fully grown GV stage within antral follicles, after which the follicles started to degenerate. Only degenerated oocytes were found in the ovary-like tissues 28 days after transplantation in the case of pregnant mare serum gonadotropin injection 26 days after transplantation, indicating that only a single oogenesis wave occurred in the ovary-like tissue; continuous oogenesis waves characteristic of normal ovaries did not occur. This phenomenon correlates with the difference in Scp3 expression between GV-OLCs and GV oocytes. Because of the synchronous development of GVOLCs in the ovary-like tissue, expression levels of meiosis marker Scp3 were higher than in GV oocytes.
We obtained mouse offspring from mouse GV-OLCs collected from ovary-like tissues in rat; however, we did not obtain rat offspring from rat GV-OLCs. There is no published IVM protocol for the maturation of rat oocytes; thus, we adopted the mouse IVM protocol for this purpose [20, 21] . Our results suggest that rat and mouse oocytes utilize different signal transduction pathways for maturation.
Although IVM-treated COCs derived from mouse ovarylike tissue were morphologically normal, we could not obtain offspring by IVF. The pronucleus was rarely observed in MIIOLCs after IVF, leading to the conclusion that fertilization was impaired, possibly because aggregation between cumulus cells and GV-OLCs was less efficient than that in the case of normal oocytes. Signal transduction between cumulus cells and oocytes is important for folliculogenesis. Perhaps the simultaneous development of GV-OLCs in ovary-like tissue caused the fertilization of each GV-OLC to be desynchronized at the time of oocyte collection.
As our xeno-PGC-transplantation system provides a platform for the development of female PGCs into functional gametes in various animals, primordial germ cell-like cells derived from embryonic stem cells/induced pluripotent stem cells may also develop over the meiotic phase when transplanted into immunodeficient mice/rats with the appropriate somatic cells. We believe xeno-ectopic transplantation is the most practical and reliable way to characterize artificial germ cells like primordial germ cell-like cells and that this system is the only functional assay for female PGCs derived from human or endangered animals. This model could be an important research tool for the breeding of domestic animals and human infertility treatment. HAYAMA ET AL.
